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SUMMARY
Synaptic vesicle recycling is essential formaintaining
efficient synaptic transmission. Detailed dissection
of single-vesicle recycling still remains a major chal-
lenge. We have developed a fluorescent pH reporter
that permits us to follow the fate of individual vesicles
at hippocampal synapses after exocytosis. Here we
show that, during low-frequency stimulation, single-
vesicle fusion leads to two distinct vesicle internali-
zations, instead of one, as in general perception:
one by a fast endocytosis pathway (3 s), the other
by a slow endocytosis pathway (after 10 s). The exo-
cytosed vesicular proteins are preferentially recap-
tured in both pathways. RNAi knockdown of clathrin
inhibits both pathways. As stimulation frequency
increases, the number of endocytosed vesicles
begins to match antecedent exocytosis. Meanwhile,
the slow endocytosis is accelerated and becomes
the predominant pathway. These results reveal that
two pathways of endocytosis are orchestrated
during neuronal activity, establishing a highly effi-
cient endocytosis at central synapses.
INTRODUCTION
At nerve terminals, neurotransmitter release is mediated by
exocytosis of synaptic vesicles at the active zone. After exocy-
tosis, vesicular components are efficiently retrieved by endocy-
tosis to sustain synaptic transmission over time. Although
synaptic vesicle recycling has been extensively studied, an
understanding of the basic steps of this process is still lacking,
in part because it has been difficult to study the behavior of indi-
vidual vesicles. For example, it is still debated whether synaptic
vesicles are refilled and reused after releasing the contents of
their lumen (Aravanis et al., 2003; Klingauf et al., 1998; Murthy
and Stevens, 1998; Pyle et al., 2000; Richards et al., 2000) or
are reconstituted anew (Li et al., 2005;Richards et al., 2000; Takei
et al., 1996; Zenisek et al., 2002). Further, if the vesiclemembrane
is reused, it is not known if it retains its original synaptic vesicle
proteins (Fesce et al., 1994; Gandhi and Stevens, 2003; Willig
et al., 2006) or if others are substituted by diffusional exchange
while the vesicle is associated with the surface membrane (Fer-
nandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006). The
pathways followed in the reclamation of the membrane for
a vesicle, and the time occupied by each step, are still uncertain.
The principle behind the method we use is based on the fact
that synaptic vesicles maintain their lumen at a pH more acidic
than the cytoplasm and that this pH gradient collapses when
the vesicle interior communicates with the neutral extracellular
medium after fusion. We have developed an improved fluores-
cent reporter of intravesicular pH, based on the approach of Mie-
senbocket al. (Miesenbocket al., 1998), that providesasignal-to-
noise ratio sufficient to address thequestionsoutlined abovewith
high temporal and spatial resolution for single vesicles. The idea
is to include four copies of pHluorin in an intravesicular loop of the
vesicle protein synaptophysin. Because this protein is present in
the vesicle membrane with a high copy number (Takamori et al.,
2006) andappears not to be required for normal vesicle trafficking
(McMahon et al., 1996; Sudhof et al., 1987), we can follow the
time course of vesicle acidification and thus infer, from the fluo-
rescence intensity of the pHluorin reporters, the behavior of
vesicle from fusion pore opening until reacidification.
Unexpectedly,weobserved that, after single-vesicle fusion, the
fluorescence was quenched in two distinct steps. On the basis of
experiments described later, we interpret these steps as two
distinct vesicles being internalized by kinetically separate endo-
cytic pathways. Thus, exocytosis-endocytosis coupling breaks
down at low stimulation frequencies. Interestingly, the tight
coupling between exocytosis and endocytosis is re-established
when stimulation frequency increases and multiple vesicles are
released. We further characterized the properties of these two
separate pathways by their activity dependence and their molec-
ular identity. We found both pathways were inhibited by clathrin
RNAi knockdown. Moreover, we demonstrated that neuronal
activityaffects theusageof twoendocytosispathways. Increasing
stimulation intensity or Ca2+ influx selectively accelerated the
speed of slow endocytosis, without affecting fast endocytosis.
Thus, Ca2+ might serve as the initiator for an activity-dependent
switch between different mechanisms of synaptic vesicle recy-
cling.Our study suggests that twopathways of endocytosis oper-
ate coordinately during neuron activity to establish highly efficient
endocytosis machinery at central synapses.
RESULTS
The Properties of SypHluorins
The reporters we have developed—named ‘‘SypHluorins’’—
consist of one to four pHluorins incorporated into the second
intravesicular loop of synaptophysin (Figure 1B). Using the
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Dissecting Single-Vesicle Trafficking at SynapsesFigure 1. Detection of Single-Vesicle Release by SypHluorins
(A) Images of neurons expressing SypHluorin 4x (sypH 4x) or SynaptopHluorin (spH).
(B) Schematic representations of SynaptopHluorin and SypHluorins with one, two, and four pHluorin reporters.
(C) Fluorescence response as a function of time for the constructs during stimulation of 40 action potentials at 20 Hz. The change in fluorescence intensity (DF)
was normalized to the fluorescence intensity before stimulation (F0).
(D) Loss of FM4-64 from preloaded control synapses and synapses expressing SypHluorin 4x as a function of time during 10 Hz stimulation.
(E) Bouton fluorescence (arbitrary units) as a function of time during 0.2 Hz stimulation.
(F) Histogram of bouton fluorescence (arbitrary units) for 505 single stimulus presentations. Smooth curve is one expected for quantal releases (see text, p = 0.99,
c2 test, d.f. = 15). Error bars represent SEM.calcium phosphatemethod to introduce the SypHluorin DNA into
cultured hippocampal neurons, we find—based on averages
across 138 to 168 synapses—consistent labeling of vesicles
with about 3-fold less background fluorescence than seen with
a similar construct based on VAMP (Synaptobrevin) (Figure 1A).
As is clear from Figure 1C, the fluorescence signal-background
ratio (averaged across 109 to 196 synapses) produced by a stan-
dard stimulus (20 Hz field stimulation for 2 s) is larger when more
pHluorins are present in the intravesicular loop, and the four-
pHluorin construct based on synaptophysin gives about 6-fold
moresignal-to-background ratioasonebasedonVAMP(Table1).
Our first concern was to determine if basal synaptic function is
altered by the presence of the labeled synaptophysins. We used
the destaining rate averaged across 194 control and 236
SypHluorin (4x) expressing synapses preloaded with FM4-64
as a measure of basal release properties; as is clear from
Figure 1D, vesicle fusion rates were not detectably different
from control when four pHluorins are present per synaptophysin.
To determine the pHluorin bleaching rate under our condi-
tions, we measured the bouton background fluorescence (under
constant illumination) as a function of time in seven experiments
(130 boutons). If we assume a single exponential bleaching
process, we find the time constant is 3.5 min.
Our next concern was to determine if we could detect the
fluorescence signal from individual vesicles. Figure 1E presents398 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.fluorescence intensity of an imaged bouton as a function of
time when single stimuli were presented at 0.2 Hz. This stimulus
usually releases either zero or one vesicle per bouton, and rapid
increases in fluorescence of about the same amplitude appeared
after some of the stimulus presentations: three of the ten stimuli
gave fluorescence increases of about 200 units, one gave
a response of about 400 units, and six gave failures of response.
In Figure 1F, we present a histogram based on the amplitudes of
505 fluorescence responses to single stimuli from 28 synapses,
with a fit of what is expected for a baseline noise standard devia-
tion of 39.3 fluorescence units, and mean single-vesicle
Table 1. Comparison of Sensor Performance in Cultured
Hippocampal Neurons
F0 DF DF/F0 DF/F0½
Synaptophluorin 1 ± 0.04 1 ± 0.06 1 ± 0.05 1 ± 0.04
SypHluorin 1x 0.63 ± 0.02 1.21 ± 0.04 1.90 ± 0.10 1.52 ± 0.07
SypHluorin 2x 0.47 ± 0.02 2.01 ± 0.06 4.28 ± 0.20 2.93 ± 0.10
SypHluorin 4x 0.31 ± 0.02 1.74 ± 0.05 5.57 ± 0.30 3.12 ± 0.14
F0, fluorescence intensity of synapses before stimulation. DF, the peak
change in fluorescence intensity upon stimulation. DF/F0, the signal-
background ratio. DF/F0½, the signal-noise ratio. Data are obtained
from a stimulation with 40 action potentials at 20 Hz, normalized to the
corresponding value of Synaptophluorin, presented as mean ± SEM.
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We conclude that the signal-to-noise ratio for single-vesicle
detection is about 5 and that the variability in expression of the
reporter from one vesicle to the next is at most 30% (coefficient
of variation for vesicle fluorescence on exposure to pH 7.3).
Time Course of Vesicle Fluorescence
Ourmajor goal is to follow the fluorescence intensity change after
single exocytic events in order to determine the timecourseof the
vesicle’s fate. To our surprise, on more than 85% of the fusion
events, single-vesicle fluorescence intensity decayed after stim-
ulation in twodistinct phases (Figure 2A). Immediately after fusion
poreopening, the fluorescence increased rapidly (instantly onour
timescale with a 30 Hz image acquisition rate) to about 210 units
(213 ± 5) and remained at the maximal value for about 3 s (2.9 ±
0.2); we call this the ‘‘initial state’’ and show the distribution of
initial state dwell times in Figure 2D. Fluorescence intensity
then decreased with a time constant of about 3 s (Figure 2G) to
about half of the initial value (98 ± 5); we designate this as the
‘‘plateau state.’’ The vesicle fluorescence remained at this
plateau state for a minimum of 8 s, but usually for more than 15 s
(18.2 ± 0.6), and then decayed, again with a time constant of
about 3 s (Figure 2H), back to the baseline. The distribution of
total dwell times from the initial opening of the fusion pore to
the end of the plateau state is presented in Figure 2E; note that
the long-time tail of this histogram is attenuated because
a smaller number of observations continued past the 25 s time
period in some of the recordings. The overall distribution of times
from fusion pore opening to the endof both states (Figure 2F)was
revealed by combining the dwell times in Figures 2D and 2E.
SypHluorins exhibited steady fluorescence in both low pH
(pH 5.6) and high pH (pH 7.3) environments (Figure S2 available
online), suggesting that the fluorescence change after single-
vesicle fusion resulted from a loss of proteins from the bouton
surface. To determine if the time constant for the decrease of
vesicle fluorescence reflected the lateral diffusion of reporters
out of the bouton, we reanalyzed the vesicle fluorescence inten-
sity from a larger region including the bouton and surrounding
axon (Figure 3A). Fluorescence decay of the small region (bouton
alone) and large region (bouton plus axon) were almost identical,
indicating that there was no diffusional loss of reporters from the
bouton after single-vesicle fusion. Meanwhile, if the fluorescence
decaywas caused by reacidification, then it should be prevented
by proton pump inhibitors. To test this prediction, we applied
V-ATPase inhibitor bafilomycin to block the reacidification of
endocytosed vesicles. As shown in Figure 3B, the fluorescence
intensity decay after a single exocytic event was completely
blocked by 1 mM bafilomycin in the extracellular medium.
Thus, both phases of fluorescence decay reflect internalization
and subsequent acidification of reporters, instead of diffusional
loss of reporters along the axon.
The classical model of synaptic vesicle recycling involves
fusion of the retrieved vesicle with endosome-like compartments
before budding of new vesicles (Heuser and Reese, 1973). This
model may explain our observation of two-step decay. For
instance, the first decay of fluorescence may reflect the fusion
of retrieved reporters with endosome-like compartments and
subsequent half-acidification due to the intermediate pH
(6.0–6.5) inside the endosome, whereas the second decay may
result from budding of a new vesicle from endosome-like
Figure 2. Time Course of Single-Vesicle
Internalization
(A) Example traces of fluorescence intensity (arbi-
trary units) as a function of times (s) for single
vesicles. Action potential was delivered at 0 s, as
indicated by the arrow.
(B) Average of 86 single-vesicle responses. Error
bars represent SEM.
(C) An example fit (black line) of a trace with two
distinct phases of exponential decay.
(D) Histogram of dwell time (s) of the initial state
(see text) for 86 vesicles. Smooth curve is the fit
with Gaussian distribution, yielding a mean of
2.6 s with a standard deviation of 1.2 s.
(E) Dwell time histogram from fusion pore opening
to the end of the plateau state. Gaussian fit (shown
as smooth curve) yields a mean of 18.2 s with
a standard deviation of 5.2 s.
(F) Distribution of times from fusion pore opening
to the end of both states by combining (D) and
(E). Smooth curve is the fit with two-component
Gaussian distribution, yielding a mean of 2.9 s
with a standard deviation of 1.4 s for the first
component, and a mean of 19.3 s with a standard
deviation of 6.8 s for the second component.
(G) Histogram of time constant of the first phase
of decay, the mean value is 2.6 ± 0.2 s.
(H) Histogram of time constant of the second
phase of decay, the mean value is 3.2 ± 0.3 s.
Data in (G) and (H) are presented as mean ± SEM.Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 399
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pump. If this model is correct, fluorescence during the plateau
state should originate from half-quenched proteins inside endo-
some-like compartments and should not be quenched by extra-
cellular acidification, if we assume extracellular H+ ions cannot
enter the intracellular space. To show that transiently decreasing
the extracellular pH does not alter the intracellular pH detectably,
we expressed synaptophysin linked to a pHluorin reporter on the
intracellular C-terminal tail (Figure 3C, left). This construct is ex-
pressed on surface membrane and vesicle membrane with the
pHluorin exposed to the cytoplasm. Its fluorescence at rest is un-
quenched because the cytoplasmic environment, unlike the
vesicle interior, is insufficiently acidic to quench reporter fluores-
cence. When the extracellular pH was reduced from 7.3 to 5.6,
the reporter remained unquenched (average of 155 synapses;
Figure 3C, right), thus establishing that a transient extracellular
acidification does not appreciably acidify the cytoplasmic envi-
ronment. We then stimulated a population of synapses express-
ing our usual SypHluorin reporter construct and found, averaging
across 47 synapses, that extracellular acidification rapidly
quenched the plateau fluorescence (Figure 3D, right). Thus, the
fluorescence during the plateau state originates from the un-
quenched reporters remaining in communication with the extra-
cellular environment, instead of half-quenched reporters
momentarily sorted to intermediate compartments.
Figure 3. Both Phases of Fluorescence Decay Reflect
Internalization and Subsequent Acidification of
Reporters from Surface Membrane
(A) Time course of normalized fluorescence intensity change in
small region (red, 1.6 mm diameter, n = 41 traces) and larger
region (green, 3.5 mm diameter, n = 41 traces) after single-
vesicle fusion.
(B) Averaged single-vesicle fluorescence intensity as a func-
tion of time in the presence of bafilomycin (filled black circle,
n = 92 traces), as well as in the absence of bafilomycin
(open gray circle, n = 68 traces).
(C) Fluorescence intensity of synaptic boutons before (pH =
7.3) and after (pH = 5.6) extracellular acidification (right panel,
n = 155 traces), with synapses expressing a new pH sensor
with pHluorin fused to the cytoplasmic C-terminal of Synapto-
physin (left panel).
(D) Fluorescence intensity as a function of time with extracel-
lular pH alternating between 7.3 and 5.6 before and after
exocytosis of a population of vesicles (right panel, n = 45
traces), when SypHluorin 4x (left panel) are expressed in
synapses.
Error bars represent SEM.
FM1-43 Labeling Reveals Two Distinct
Vesicles Retrieved
From the earlier analysis we know that both
phases of fluorescence decay reflect internaliza-
tion and subsequent acidification of reporters. But
how could acidification behave in a ‘‘two-phase’’
pattern? One interpretation is that one internaliza-
tion event proceeds in two distinct steps: the vesi-
cle’s fusion pore remains open for about 3 s and
then closes while the vesicle remains attached to
the membrane. As the vesicle attempts to reacidify,
it is leaking hydrogen ions through an imperfectly closed fusion
pore, which leads to the half quenching of fluorescence intensity
during plateau state. After aminimumof about 10 s, but generally
much longer, the fluorescence is completely quenched by acid-
ification of the vesicle’s lumen after the complete closure of the
fusion pore. Alternatively, another logical interpretation is that
two distinct internalization events work in series at different
times: one at the end of the initial state (3 s) and the other at
the end of the plateau state (at least 10 s), with each followed
by its own reacidification.
To test these two hypotheses, we measured the number of
vesicles internalized during the initial state and plateau state
by using the styryl dye FM1-43. If there is only one internaliza-
tion event that proceeds in two distinct steps, as proposed by
the first hypotheses, we should see no FM-dye-labeled vesicle
at the end of the initial state. Instead, we should see one FM-
dye-labeled vesicle at the end of the plateau state. If a leaky
fusion pore is present during the plateau state, the dye inside
the vesicle will either diffuse out laterally (for a lipid fusion
pore) or dissociate into the external medium (for a protein
fusion pore) upon washing away FM dye from the bath solution.
On the other hand, if two distinct internalizations were to
complete at different times, we should see one FM-dye-labeled
vesicle at the end of the initial state and two labeled vesicles at
the end of the plateau state.400 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.
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One Vesicle Fusion
(A) Estimation of fluorescence intensity of a single vesicle
labeled with FM1-43. The solid and dashed lines are the over-
all and individual fits to multiple Gaussians (p = 0.99, c2 test,
d.f. = 40). The distribution of fluorescence has peaks at integral
multiples of quantized fluorescence intensity. The average
distance between the peaks was 451 units and is taken to
correspond to the fluorescence of a single vesicle.
(B) Protocol used to measure the FM1-43 uptake at individual
synapse during a designated time of dye exposure (t) after
single action potential. The fluorescence loss between images
1 and 2 provided the measurement of FM uptake by single
action potential at individual synapses. The subtraction image
of images 3 and 4 provided the identification of functional
synapses. The positions of functional synapses were retro-
spectively projected onto the subtraction image of images 1
and 2, and the total fluorescence intensity of each functional
synapse was measured. The stimulation frequency was 10 Hz
for 1200 action potentials and 20 Hz for 100 action potentials.
(C) Distribution of fluorescence intensity at individual synapses
after labeling the internalized vesicles by the end of the ‘‘initial
state.’’ Insert presents the time of FM1-43 exposure corre-
sponding to SypHluorin response. The solid and dashed lines
are the overall and individual fits to multiple Gaussians,
showing peaks at 11 and 435 (p = 0.99, c2 test, d.f. = 30).
(D) Distribution of fluorescence intensity at individual synapses
after labeling the internalized vesicles by the end the ‘‘plateau
state.’’ Insert presents the time of FM1-43 exposure corre-
sponding to SypHluorin response. The solid and dashed lines
are the overall and individual fits to multiple Gaussians,
showing peaks at 0 and 850 (p = 0.96, c2 test, d.f. = 39).
(E) A plot of endocytosed vesicle number (estimated by FM1-
43 uptake during 35 s) as a function of exocytosed vesicle
number (estimated by SypHluorin response) under the stimu-
lation of 2, 5, 10, 20, and 30 action potentials at 20 Hz. The
vesicle number was calculated by Ftotal/Fsingle vesicle, where
Ftotal is the total fluorescence intensity, and Fsingle vesicle is
the fluorescence intensity of single vesicle. Error bars repre-
sent SEM.In order to estimate the number of FM-dye-labeled vesicles,
we need to calibrate the fluorescence intensity of a single
vesicle, as previously described (Murthy and Stevens, 1998).
Figure 4A shows the distribution of fluorescence intensity for
761 synaptic boutons after stimulation with five action potentials
at 1 Hz, in the presence of 10 mM FM1-43 for 10 s. The fluores-
cence intensity distribution has evenly spaced peaks at integral
multiple of 451 units, which we interpret as corresponding to the
fluorescence of a single-labeled vesicle.
Having estimated the fluorescence intensity of a single vesicle,
we tested the two hypotheses described above. We stimulated
the synaptic boutons in the presence of 10 mM FM1-43 with
a single stimulus and then removed the dye from the surface
membrane and external medium at the end of either initial state
(6 s) or plateau state (25 s). Given the release probability of
0.387 for individual synapses that we had measured by
SypHluorin (data not shown), about 40% of the boutons were
expected to undergo exocytosis after a single action potential. If
only one internalization event was to complete by the end of the
plateau state, the 6 s dye exposure should not lead to significant
labeling at each bouton. On the other hand, if one internalization
completes at the end of the initial state and another completes atthe end of the plateau state, about 40%of boutons is expected to
be labeled with FM1-43 during 6 s dye exposure. In fact, in 1034
synaptic boutons from eight experiments, after exposure to dye
for 6 s, the fluorescence intensity distribution revealed that
49.6% of the boutons were labeled with FM1-43 and formed
a peak centered at 435 units that corresponds to the single-
vesicle fluorescence. The rest of the boutons didn’t uptake any
FM1-43, shown as a peak around 0 (Figure 4C). This observation
strongly suggests that after a single exocytosis one intact inter-
nalization event has completed by the end of the initial state.
In the next experiment, we prolonged the dye exposure to the
end of the plateau state (25 s). As expected, the peak of fluo-
rescence intensity for the labeled boutons doubles as it shifts
from 435 units to 850 units (Figure 4D), suggesting one more
vesicle has been internalized within the plateau state.
Taken together, we conclude that two distinct vesicles are
retrieved after single-vesicle fusion, one by the end of the initial
state, the other by the end of the plateau state. The temporal
separation of their internalizations and subsequent acidification
leads to the two-phases of acidification observed in SypHluorin
experiments. It is generally believed that in central synapses the
number of endocytosed vesicles is in tight balance with theNeuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 401
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stability of the lipid and protein composition in plasmamembrane
as well as the vesicle pool. Paradoxically, this tight coupling
doesn’t hold at a single-vesicle level, based on our observations.
Does it hold at the level ofmultiple-vesicle fusions?Toanswer this
question, we examined the correlation between exocytosis and
endocytosis upon multiple-vesicle release. We used SypHluorin
to measure the number of exocytosed vesicles triggered by
a given stimulation in individual synapses. In a parallel experi-
ment, the number of endocytosed vesicles in response to the
same stimulation was estimated by FM1-43 uptake. To trigger
different numbers of released vesicles, we stimulated boutons
with 2, 5, 10, 20, and 30 action potentials at 20 Hz, respectively.
Figure 4E shows the plot of endocytosed vesicle number as
a function of exocytosed vesicle number. Under stimulation of
2AP and 5AP, the number of endocytosed vesicles per synapse
was twice that of exocytosed vesicles (0.65 ± 0.02 vesicles for
2AP, and 1.25 ± 0.03 vesicles for 5AP), consistent with our
previous observation upon single-vesicle release. However, as
the number of exocytosed vesicles increasedwithmore AP stim-
ulations (3.1 ± 0.06 vesicles for 10AP, 4.7 ± 0.09 vesicles for
20AP, and 5.4 ± 0.13 vesicles for 30AP), almost exactly the
same number of vesicles were endcocytosed. Therefore, the
very tight coupling between exocytosis and endocytosis is
re-established when multiple vesicles are released.
Figure 5. Newly Exocytosed SypHluorins
Were Preferentially Retrieved in Both Endo-
cytosis
(A) Estimation of the amount of SypHluorins on the
bouton surface at rest. A pulse of an acidic solu-
tion (pH 5.6) was applied before the single-vesicle
fusion being evoked at 0 s. Averaging over 47
responses shows that the amount of SypHluorins
on surface is about 93% of that inside a single
vesicle.
(B) Example traces of single-vesicle response
before (left panel) and after photobleaching (right
panel).
(C) Comparison of averaged fluorescence
recovery after single-vesicle fusion before (filled
circle, n = 92 traces) and after photobleaching
(open circle, n = 96 traces).
(D) Individual traces in (C) were realigned with the
initial time of the fast endocytosis (left panel) or
slow endocytosis (right panel), then averaged.
(E) Photobleaching surface SypHluorins reduces
fluorescence intensity change in both the fast
and slow endocytosis (See text). ***p < 0.001,
paired t test.
Error bars represent SEM.
Newly Exocytosed SypHluorins
Were Preferentially Retrieved
in Both Endocytosis
Two endocytosis models have been
proposed for small synapses. In the
‘‘classical clathrin-mediated endocy-
tosis’’ model, the vesicle fully collapses
onto the plasma membrane and its
proteins mix with surface proteins before subsequent endocy-
tosis (Heuser and Reese, 1973). In the ‘‘kiss-run’’ model, the
vesicle connects with the plasma membrane very briefly through
a transient fusion pore without losing its protein identity (Ceccar-
elli et al., 1973). To test these two models, we examined the
protein composition of the newly retrieved vesicles by selectively
silencing the fluorescence of surface proteins through photo-
bleaching, as previously described (Fernandez-Alfonso et al.,
2006; Wienisch and Klingauf, 2006). We first estimated the rela-
tive number of SypHluorin molecules present on the surface by
applying a transient extracellular acidification before evoking
single-vesicle fusion (Figure 5A). Coincidentally, we found that
the amount of SypHluorins on the bouton surface at rest is almost
equal to that inside a single vesicle. We then photobleached
neurons for about 8 min, which effectively reduced the surface
fluorescence to less than 7% of original, without affecting the
functions of the endocytosis machinery (Figure S7). After that,
a single action potential was applied to evoke a single-vesicle
fusion event. Similar to the responses from control boutons
without photobleaching, the fluorescence intensity change also
exhibited two-step decay after photobleaching (Figure 5B).
However, the changes in both steps were decreased. Thus,
a certain degree of mixing occurred between the newly exocy-
tosed vesicular proteins and the surface proteins prior to vesicle
retrieval for both steps. In general, this result is in disagreement402 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.
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the fluorescence change in the fast step was reduced from
56% to 46%, revealing a preferential recapture of the newly exo-
cytosed vesicular proteins by the fast endocytosis (Figures 5D
and5E).We further calculated that the retrieved vesicle consisted
of 82.9% vesicular SypHluorins and 17.1% surface SypHluorins.
Based on these calculations, the chance for each vesicular
SypHluorin being retrieved by fast endocytosis is four times
higher than its surface counterpart. Meanwhile, photobleaching
is more effective in diminishing the fluorescence change in the
slow step, reducing it from 52% to 28% (Figures 5D and 5E).
The vesicle retrieved by slow endocytosis has a protein compo-
sition of 54% vesicular SypHluorins and 46% surface SypHluor-
ins. Taking into account that 54% of vesicular SypHluorins and
90% of surface SypHluorins remained on the surface after the
fast endocytosis, we further conclude that, similar to fast endocy-
tosis, the slow endocytosis also preferentially recaptures vesic-
ular SypHluorins, with the chance for each vesicular SypHluorin
being retrieved 1.8 times higher than its surface counterpart. In
summary, after a single-vesicle fusion,74%of the newly exocy-
tosed SypHluorins were recycled back to the vesicle pool, along
with 25%–33% of SypHluorins from the surface.
Clathrin Knockdown by RNAi Inhibits Both the Fast
and Slow Endocytosis
To further investigate the molecular mechanisms underlying the
two temporally distinct phases of endocytosis, we examined the
clathrin dependence of both fast and slow endocytosis by using
RNAi knockdown of clathrin heavy chain (CHC), as previously
described (Granseth et al., 2006). The efficiency of RNAi knock-
downwasmeasured by fluorescent transferrin uptake.We found
that, 3 days after transfection, transferrin uptake was reduced to
50% in CHC-RNAi-transfected neurons compared with
neurons transfected with scrambled RNAi (Figure S8). Consis-
tent with partial depletion of CHC by RNAi, the fluorescence
intensity decay after single-vesicle fusion exhibited arrays of
kinetic shapes that likely reflected different degrees of CHC inhi-
bition (Figure 6A). Within the 40 s time-measurement window of
recording, 42% of traces failed to display fast endocytosis
events (Figure 6B, middle). The remaining traces showed detect-
able fast endocytosis events with the amplitude of SypHluorins
retrieval being slightly decreased compared to the control
(Figure 6B, middle and right). Meanwhile, slow endocytosis
events were obliterated from 76% of traces (Figure 6C, middle).
For the rest of the traces (24%), slow endocytosis events can
be detected and the amplitude of SypHluorins retrieval was not
significantly different from control (Figure 6C, middle and right).
Finally, for 41%–42% of the vesicles undergoing fusion, neither
fast endocytosis nor slow endocytosis was observed during
the entire recording time.
Events whose fluorescence failed to decay within the time-
measurement window are presumably caused by stronger inhi-
bition of CHC, as shown in the third trace of Figure 6A and in
a previous report (Granseth et al., 2006). While these recordings
certainly showed the significant effect of CHC depletion on
vesicular protein retrieval, further analysis of these ‘‘flat’’ traces
is no longer informative. On the other hand, because RNAi only
partially depleted CHC in our experiments, we reasoned thatkinetic analysis of intermediate states resulting from partial
CHC inhibition could provide more detailed information on
whether each of the endocytic steps might be differentially
affected by clathrin depletion. Indeed, analyses of the dwell
time distributions of the fast and slow endocytosis revealed
that both events were significantly delayed by RNAi knockdown,
with the fast endocytosis deferred from 2.7 ± 0.1 s to 5.8 ± 0.3 s
and the slow endocytosis from 17.9 ± 0.1 s to 26.1 ± 1.6 s
(Figures 6D and 6E). In contrast, the number of proteins retrieved
by the fast or slow endocytosis is not substantially reduced by
partial depletion of clathrin (Figures 6B and 6C). These observa-
tions suggest that, while partial CHC depletion slows vesicle
retrieval, it does not significantly reduce the amount of proteins
retrieved by each vesicle if the retrieval takes place. Should
this be the case, more events might have taken place after
40 s due to the inhibition of CHC, but they were not detected
during our time-measurement window.
Activity-Dependence of the Fast and Slow Endocytosis
In addition to activity-dependent vesicle recycling, which is
highly regulated and precisely timed, spontaneous synaptic
vesicle recycling has also been demonstrated in hippocampal
neurons with FM dye (Groemer and Klingauf, 2007; Murthy and
Stevens, 1999; Sara et al., 2005). In agreement with these
reports, we also observed that vesicles were retrieved randomly
in the absence of action potentials by using SypHluorins (Figures
7A and 7B) and FM1-43 (Figure 7F). This kind of spontaneous
retrieval occurs with a rate of 36% of the vesicle per synapse
in every 40 s. Interestingly, for synapses in which action poten-
tials failed to evoke vesicle release, the spontaneous retrievals
became synchronized with a delay time at minimum of 5 s
(Figures 7C and 7D). Thus, it is likely that spontaneous endocy-
tosis can be converted to a more regulated form in the presence
of action potentials.
For the following reasons, we believe the fast endocytosis
(3 s) is directly linked to the action-potential-triggered exocy-
tosis. First, it is tightly time-locked to the rapid exocytosis
(Figure 2D, d = 1.1 s). Second, for synapses in which action
potentials failed to trigger exocytosis, the endocytosis occurs
with a delay longer than 5 s, usually around 15 s, significantly
slower than the fast endocytosis. Third, when the boutons
were bathed in 10 mM FM1-43 for 6 s (the time required to
complete the fast endocytosis) in the absence of action poten-
tials, no dye-labeled vesicles could be detected (Figure 7E).
This observation suggests that the fast endocytosis observed
after the stimulation (Figure 4C) was indeed trigged by the action
potential.
On the other hand, the slow endocytosis that occurs after
a 10 s delay is likely a form of ‘‘regulated spontaneous endocy-
tosis.’’ The temporal distribution of the ‘‘slow endocytosis’’
was much broader (Figure 2E, d = 5 s when fitted with Gaussian)
and resembled that of the regulated spontaneous endocytosis
(Figure 7D). We took this as one clue that an action potential
may convert spontaneous endocytosis to the slow endocytosis.
However, there are important differences between these two
forms of endocytosis. Although the slow endocytosis occurs
exclusively when a stimuli succeeds to evoke vesicle fusions,
the regulated spontaneous endocytosis occurs at an estimatedNeuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 403
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(A) Example traces of single-vesicle response with clathrin RNAi knockdown (upper three panels), and control (the bottom panel). The responses with clathrin
RNAi knockdown can be classified into three groups. (1) Both the fast and slow endocytosis were detectable (accounting for 20% of the total recordings),
as shown in the top panel. (2) Only the fast endocytosis was detected (38% of the total recordings), as shown in the second panel. (3) Neither fast nor slow
endocytosis was detected (42% of the total recordings), as shown in the third panel. Bottom panel presents an example trace of single-vesicle response
from a neuron transfected with scrambled RNAi (control).
(B and C) Clathrin RNAi knockdown inhibits both the fast (B) and slow (C) endocytosis. Frequency distribution of fractional fluorescence decrease during each
endocytosis in control neurons (n = 120 traces) is shown in the left panels, and in RNAi knockdown neurons (n = 192 traces) is shown in the middle panels. The
traces without detectable endocytosis were grouped as a bar at 0. The detectable endocytosis events were further fitted with Gaussian distribution (smooth
curves). Right panels are cumulative histograms for events in control neurons and detectable events in RNAi knockdown neurons. Gaussian fits of the fast endo-
cytosis in (B) yielded an estimation of 0.50 ± 0.11 (mean ± SD, n = 192 traces) for control and 0.40 ± 0.12 (mean ± SD, n = 104 traces) for the detectable events in
CHC-RNAi knockdown. Two populations are significantly different, ***p < 0.001, t test. Gaussian fits of the slow endocytosis in (C) yielded estimations of 0.47 ±
0.14 (mean ± SD, n = 192 traces) for control and 0.47 ± 0.11 (mean ± SD, n = 43 traces) for the detectable events in RNAi knockdown. No significant difference
was observed, p > 0.05, t test.
(D and E) Clathrin knockdown delays both endocytosis. Left panels in (D) and (E) present frequency dwell time distributions of the fast (D) and slow (E) endocytosis
detected in RNAi knockdown neurons (filled gray bar, n = 104 traces for the fast endocytosis, n = 43 traces for the slow endocytosis) and control neurons (striped
bar, n = 120 for both endocytosis). Right panels are the cumulative dwell time distributions of the fast (D) and slow (E) endocytosis. For both endocytosis, clathrin
knockdown significantly prolonged the dwell time (see text), ***p < 0.001, t test compared to control.rate of 44% in failures. It is possible that the exocytosed proteins
function as signals to enhance the rate of regulated spontaneous
endocytosis. However, we cannot exclude the possibility that
the slow endocytosis and the regulated spontaneous endocy-
tosis might involve very different mechanisms.404 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.Activity Affects the Usage of Two Endocytosis Pathways
After characterizing the properties of the fast and slow endocy-
tosis at the level of single-vesicle fusion, we extended our inves-
tigation to multiple-vesicle fusion events. We asked whether one
pathway might become more predominant when more vesicles
Neuron
Dissecting Single-Vesicle Trafficking at Synapseswere released by stronger stimulation, or in other words, can
neuron activity affect the usage of two endocytosis pathways
by synapses?
Because the fast endocytosis may initiate as early as 0.8 s
after stimulation, we restricted the stimulation duration within
0.5 s period to eliminate the endocytosis events during the
exocytosis. We stimulated neurons at the frequencies of 1 Hz,
5 Hz, 10 Hz, 20 Hz, and 30 Hz. Such stimulations normally trigger
release of one to five vesicles. The time courses of fluorescence
Figure 7. Spontaneous Endocytosis Detected by SypHluorins and
FM1-43
(A) Example traces of spontaneous vesicle retrieval observed from single bou-
ton expressing SypHluorins in the absence of stimulation (upper three panels).
The bottom panel shows the average trace over 146 boutons, including 53
boutons with retrieval events and 93 boutons without retrieval events.
(B) Distribution of the initial time for 53 retrieval events observed in (A). The
recording started from 5 s and lasted for 30 s.
(C) Example traces of vesicle retrieval observed from single bouton expressing
SypHluorins with single stimulus, but without evoked exocytosis events (upper
three panels). The bottom panel shows the average trace over 104 boutons,
including 46 boutons with retrieval events and 58 boutons without retrieval
events.
(D) Distribution of the initial time for 46 retrieval events observed in (C). The
recording started from 5 s, the stimulus was delivered at 0 s.
(E) Distribution of fluorescence intensity of FM1-43 at individual synapses after
exposing the neurons in 10 mM FM1-43 for 6 s without stimulation.
(F) As the same as (E), but prolonging the dye exposure time to 25 s.
The solid and dashed lines in (E) and (F) are the overall and individual fits to
single (E) or multiple Gaussians (F), showing single peak at 3 in (E) and multiple
peaks at 2 and 475 in (F).intensity change after various vesicle fusions are shown in
Figure 8A. We observed that the majorities of fusion events
(85%, 95%, 75%, 80%, and 78% for one, two, three, four, and
five vesicles, respectively) were followed by ‘‘two-phase’’ fluo-
rescence decay. Thus, fast and slow endocytosis operated in
parallel under these conditions.
We further examined whether increasing the number of exocy-
tosed vesicles resulted in a preferential usage of one endocy-
tosis pathway over the other. Fitting the fluorescence intensity
change by ‘‘two-phase of endocytosis’’ model allowed us to
compare the dwell time distributions (Figure 8B), fractional
retrieval of SypHluorins (Figure 8C), dwell times (Figure 8D),
and decay time constants (Figure 8E) after various vesicle
fusions for both the fast and slow endocytosis. When the number
of exocytosed vesicles was increased from one to five, a larger
fraction of SypHluorins was retrieved by the slow endocytosis
(54% ± 2% for one vesicle and 69% ± 2% for five vesicles),
whereas the fractional retrieval by the fast endocytosis was
decreased (55% ± 2% for one vesicle and 38% ± 2% for five
vesicles) (Figure 8C). Meanwhile, the dwell time of the slow endo-
cytosis was advanced from 18.7 ± 0.5 s for one vesicle to 13.0 ±
0.6 s for five vesicles (Figures 8B and 8D). In comparison, the
dwell time for the fast endocytosis remained unchanged for up
to five vesicle fusions (Figures 8B and 8D). The decay time
constant for the slow endocytosis increased from 3.0 ± 0.3 s to
10.3 ± 0.5 s, whereas the decay time constant for the fast endo-
cytosis was unaffected by the number of exocytosed vesicles
(Figure 8E). Note that with one vesicle being endocytosed, the
decay time constant was dictated solely by reacidification.
However, when multiple vesicles were retrieved, the time
constant was dependent to a larger extent on the range of
retrieval times for various vesicles as well as reacidification. In
summary, these results suggest that the fast endocytosis is
less susceptible to the increased number of exocytosed vesicles
than the slow endocytosis, which in contrast, becomes the more
predominant mechanism for recapturing the exocytosed
proteins under stronger stimulation. Interestingly, a shift of
protein retrieval to the slow pathway (Figure 8C) was not at the
cost of overall slowing down of retrieval rate. Although a larger
fraction of vesicle retrieval was mediated by the slow pathway
with more vesicles being exocytosed, the dwell time for the
slow pathway was also shortened under the same condition
(Figure 8D). Consequently, normalized average responses
showed similar speeds of recapturing SypHluorin reporters
over a certain range of released vesicles (Figure 8F). Thus,
although the preferential usage of the two endocytosis pathways
was affected by the stimulation intensity, endocytosis was able
to maintain a relatively steady rate within a certain range, in
agreement with previous reports (Balaji et al., 2008; Granseth
et al., 2006).
What are the mechanisms underlying the activity-dependent
usage of different endocytosis pathways?One immediate insight
is that the Ca2+ elevation in presynaptic terminals during stimu-
lation might regulate the fast and slow endocytosis in a different
way. To test this possibility, we examined the Ca2+ dependence
of each endocytosis at the level of single-vesicle fusion. In order
to attain single-vesicle fusion events at different presynaptic
Ca2+ concentration ([Ca2+] in), we stimulated neurons with threeNeuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 405
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(A) Example traces of fluorescence intensity as a function of time following one, two, three, four, and five vesicle fusion events. Action Potentials (1 Hz, 5 Hz, 10 Hz,
20 Hz, and 30 Hz with duration of 0.5 s) were delivered at 0 s, as indicated by the bars.
(B) Comparisons of the dwell time distributions of endocytosis after different number of exocytosis events. Each histogram shows the dwell time distribution of the
fast (filled bar) and slow (open bar) endocytosis after the release of one vesicle (n = 86), two vesicles (n = 64), three vesicles (n = 64), four vesicles (n = 51), and five
vesicles (n = 51). Further kinetic analyses of these traces are presented in (C)–(F).
(C) Fractional retrieval of SypHluorins by the fast (filled circle) and slow (open circle) endocytosis as a function of the number of exocytosed vesicles. With the
increased number of exocytosed vesicles, a larger fraction of SypHluorins was retrieved by the slow endocytosis.
(D) Averaged dwell time of the fast (filled circle) and slow (open circle) endocytosis as a function of the number of exocytosed vesicles. Increasing vesicle number
shortened the dwell time of the slow endocytosis, but had no significant effect on the fast endocytosis.
(E) Averaged decay time constant of the fast (filled circle) and slow (open circle) endocytosis as a function of the number of exocytosed vesicles. Increasing vesicle
number prolonged the decay time constant of the slow endocytosis, but not the fast endocytosis.
(F) Normalized average traces of fluorescence responses after multiple vesicle fusions. Single exponential fit provided a relatively good account of the fluores-
cence decay except for one vesicle, yielding time constant (t) of 19.6 ± 0.7 s, 17.7 ± 1.4 s, 16.3 ± 0.9 s, 15.6 ± 1.0 s, and 14.4 ± 0.7 s for one, two, three, four, and
five vesicles, respectively. No significant differences were observed between two to five vesicles (Turkey’s multiple comparison test, p > 0.05).
(G) Example traces of fluorescence intensity as a function of time for single-vesicle fusion in 1 mM and 3.5 mM external calcium. Action Potential was delivered at
0 s, as indicated by the arrow.
(H) Fractional retrieval of SypHluorins by the fast (filled circle) and slow (open circle) endocytosis as a function of [Ca2+] ex, after single-vesicle fusion. The number
of single-vesicle fusion events for different [Ca2+] ex are: n = 49 for 1 mM, n = 44 for 2 mM, n = 51 for 3.5 mM, and n = 43 for 5 mM. No significant differences were
observed for both the fast and slow endocytosis, with [Ca2+] ex increased from 1 mM to 5 mM (Turkey’s multiple comparison test, p > 0.05). Further kinetic anal-
yses of these traces are presented in (I) and (J).
(I) Averaged dwell time of the fast (filled circle) and slow (open circle) endocytosis as a function of [Ca2+] ex, after single-vesicle fusion. Increasing [Ca
2+] ex short-
ened the dwell time of the slow endocytosis, but had no effect on the fast endocytosis. (Turkey’s multiple comparison test, at the level of 0.05).
(J) Averaged decay time constant of the fast (filled circle) and slow (open circle) endocytosis as a function of [Ca2+] ex, after single-vesicle fusion. No significant
differences were observed for 1 mM to 5 mM for both endocytosis (Turkey’s multiple comparison test, p > 0.05).
Error bars represent SEM.action potentials at 20 Hz while changing external Ca2+ concen-
tration ([Ca2+] ex) from 1 mM to 5 mM. The action-potential-trig-
gered presynaptic Ca2+ transients in different [Ca2+] ex were
measured by the low-affinity Ca2+ indicator Magnesium Green406 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.AM (Kd 6 mM), and a near-linear relationship was observed
between the peak change in [Ca2+] in and [Ca
2+] ex (Figure S9).
We next examined the endocytic events subsequent to single-
vesicle fusion in different [Ca2+] ex (Figure 8G). In Figures
Neuron
Dissecting Single-Vesicle Trafficking at SynapsesFigure 9. Two Phases of Endocytosis after
Single-Vesicle Fusion Detected by vGlut1-
pHluorin
(A) Histogram of bouton fluorescence for 533
single stimulus presentations from 65 boutons.
(p = 0.99, c2 test, d.f. = 21). Smooth solid curve
is the sum of three Gaussian distributions ex-
pected for quantal releases, yielding a baseline
noise standard deviation of 37.9 fluorescence
units, and mean single-vesicle fluorescence of
181.4 units with a standard deviation of 51.4 units.
Thus, the signal-to-noise ratio for single-vesicle
detection is about 4.8 and the variability in expres-
sion of the reporter among vesicles is at most
28%.
(B) Example traces of fluorescence intensity as
a function of time for single vesicles. Single action
potential was delivered at 0 s, as indicated by the
arrow.
(C) An example fit (black line) of a trace with two
distinct phases of exponential decay.
(D) Histogram of dwell time distribution of the fast
endocytosis for 95 vesicles. Smooth curve is the fit
with Gaussian distribution, yielding amean of 2.5 s
with a standard deviation of 1.8 s.
(E) Dwell time histogram of the slow endocytosis.
Gaussian fit yielded a mean of 14.4 s with a stan-
dard deviation of 3.8 s.
(F) Distribution of combined dwell times of the fast
and slow endocytosis. Smooth curve is the fit with
two-component Gaussian distribution, yielding
a mean of 2.5 s with a standard deviation of 1.8 s for the first component, and a mean of 14.7 s with a standard deviation of 4.5 s for the second component.
(G) Histogram of the reacidification time constant for the fast endocytosis, with a mean of 1.5 ± 0.2 s.
(H) Histogram of the reacidification time constant for the slow endocytosis, with a mean of 2.2 ± 0.2 s.
Data in (G) and (H) are presented as mean ± SEM.8H–8J, we present the effects of [Ca2+] ex on the fractional
retrieval, dwell time, and decay time constant for both the fast
and slow endocytosis. In agreement with the activity-dependent
regulation of the slow endocytosis observed from multiple-
vesicle fusions (Figure 8D), increasing [Ca2+] ex (and by extension
[Ca2+] in) significantly accelerated the slow endocytosis after
single-vesicle fusion, with the dwell time advanced from 18.2 ±
0.5 s for 1 mM to 14.7 ± 0.5 s for 5 mM (Figure 8I). In contrast,
the dwell time for the fast endocytosis was largely unaffected
by [Ca2+] ex. Meanwhile, increasing [Ca
2+] ex had no significant
effects on the fractional retrieval of SypHluorins (Figure 8H)
and decay time constant (Figure 8J) for both the fast and slow
endocytosis. Together, these observations indicate that Ca2+,
as an important modulator for endocytosis, specifically controls
the speed of slow endocytosis without affecting the fast endocy-
tosis. Furthermore, the different regulatory roles of Ca2+ in the
fast and slow endocytosis imply that downstream molecular
events modulated by Ca2+ signaling might be responsible for
dividing the different endocytic pathways.
Two Phases of Endocytosis Detected
by vGlut1-pHluorin
A newly developed fluorescent sensor, vGlut1-pHluorin, with
pHluorin fused to the first intravesicular loop of vGlut1, showed
great improvement on the signal-to-background ratio over the
original synaptopHluorin (Voglmaier et al., 2006). It has beenused successfully to study vGlut1 endocytosis and single-
vesicle recycling (Balaji and Ryan, 2007). Next, we examined
whether the endocytosis of vGlut1-pHluorin after single-vesicle
fusion also proceeded in two phases, as previously observed
in SypHluorin.
First, we calibrated the quantal vGlut1-pHluorin fluorescence
intensity of single-vesicle exocytosis (Figure 9A). Based on 533
fluorescence responses to single stimuli from 65 synapses, we
estimated the standard deviation of baseline noise as 37.9 fluo-
rescence units and the mean single-vesicle fluorescence as
181.4 units with a standard deviation of 51.4 units. Therefore,
in our detecting system, the signal-to-noise ratio for detecting
single-vesicle fusion events with vGlut1-pHluorin was about
4.8, very similar to that of SypHluorin.
We next characterized the time course of fluorescence inten-
sity change after single-vesicle exocytosis (DF within the mean
single-vesicle fluorescence ± standard deviation). We found
that 80.5% (95 out of 118 traces) of single-vesicle recordings ex-
hibited two phases of fluorescence decay, similar to the pattern
observed from SypHluorin reporters. Kinetic analyses further
revealed that the fast fluorescence decay was initiated at 2.5 ±
0.2 s after exocytosis (Figure 9D), with a decay amplitude about
half of the quantal size (0.51 ± 0.01) and a decay time constant
(t1) of about 1.5 ± 0.2 s (Figure 9G). The slow fluorescence decay
was initiated at 14.4 ± 0.4 s (Figure 9E) with a decay amplitude
also about half of the quantal size (0.54 ± 0.02) and a decayNeuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 407
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time distribution suggests that the fast and slow endocytosis
belong to two temporally distinct populations (Figure 9F). Thus,
vGlut1 was also retrieved by the fast and slow endocytosis path-
ways in parallel, as was Synaptophysin.
DISCUSSION
Our essential observation is that single-vesicle fusion is followed
by two distinct vesicle recoveries, with its protein components
systematically distributed into two distinct daughter vesicles.
Similar observations were also obtained from SypHluorin 1x
and SypHluorin 2x (Figure S3). Two recent papers using other
forms of pHluorin reporters reached a quite different conclusion
(Balaji and Ryan, 2007; Granseth et al., 2006), but methodolog-
ical differences may account for most of the differences. Balaji
et al. employed vGlut1-pHluorin to track exocytosis and endocy-
tosis of individual vesicles at the single-molecule level (Balaji and
Ryan, 2007). By analyzing the kinetic steps from exocytosis to re-
acidification of the retrieved vesicle, they concluded that each
synaptic vesicle fusion is followed by a single stochastic mode
with an average time of 14 s, and the fast endocytosis is just
one end of the distribution of times of this common process. In
our study, the multiple copies of SypHluorin 4x and vGlut1-
pHluorin in each vesicle provide evidence for two distinct
retrieval events. The combined distribution of dwell times from
fusion pore opening to both retrieval events (Figure 2F and
Figure 9F) strongly suggest that these two events are kinetically
distinct. In another work, Granseth et al. used a synaptophysin-
based pHluorin reporter very similar to ours for monitoring the
single-vesicle exocytosis and endocytosis (Granseth et al.,
2006). Because the reporter did not have a signal-to-noise ratio
adequate to resolve individual vesicles, these authors averaged
fluorescence responses over a population of synapses and
found a simple exponential decay of fluorescence following stim-
ulation. Based on their analysis, they reached the conclusion that
only a slowmode of endocytosis with a time constant of 15 s op-
erates at hippocampal synapses. When we average our indi-
vidual vesicle responses, we also see what could be described
as a single exponential with a time constant of about 20 s
(Figure S1). However, as we have shown above, when individual
vesicles are tracked, the decay of fluorescence actually reflects
a combination of recovery of two distinct vesicles.
The kinetics of the fast vesicle recovery that we observed is
similar to the fast mode (kiss-and-run) described by Gandhi
and Stevens (Gandhi and Stevens, 2003). However, our present
observations differed from those of Gandhi and Stevens in three
ways. First, the time from fusion pore opening to internalization
(3 s) was significantly longer than 400–860 ms. Second, the
acidification time constant we observed (3 s) was about four
times longer that the 850 ms reported earlier. Third and most
importantly, we found that half of the fluorescence remained
by the end of the fast endocytosis instead of the full recovery
seen in the previous work.
The fundamental distinctions between kiss-and-run versus the
classical clathrin-mediated pathway of vesicle cycling are
related to two properties: the time course for internalization (Ara-
vanis et al., 2003; Gandhi and Stevens, 2003; Richards et al.,408 Neuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc.2005) and whether or not the vesicle identity is maintained after
use (Ceccarelli et al., 1973; Fernandez-Alfonso et al., 2006; Wie-
nisch and Klingauf, 2006). Although the fast endocytosis
provides a relatively fast speed of vesicle retrieval, it differs
from the conventional kiss-and-run in an essential way: the
vesicle identity is only partially preserved. The slow endocytosis
resembles the classical clathrin-mediated pathway in both time
course (10–20 s) and the nature of partial retrieval of newly
released proteins.
Our results from the CHC RNAi knockdown experiment are, to
a large extent, in agreement with a previous report by Granseth
et al. (Granseth et al., 2006). Even though we were not able to
achieve a complete inhibition of CHC, we found that 42% of
traces obtained from RNAi knockdown neurons failed to display
any sort of decay during the experiment time window. These
observations suggest that both fast and slow endocytosis
were sensitive to CHC knockdown, although the effects of
knockdown on vesicle endocytosis can be indirect, as discussed
below. Analyzing the traces of partial block further revealed that
knocking down CHC delayed both fast and slow endocytosis
without substantially changing the amount of proteins being
retrieved by each vesicle. Together with these results, we are
inclined to suggest that clathrin might be involved in both fast
and slow endocytosis.
Despite the fact that CHC RNAi under our experimental condi-
tions had a significant effect on the rate of endocytosis, and in
some extreme cases, endocytosis was completed abolished,
we cannot merely draw a conclusion that clathrin is directly
involved in the fast and slow endocytosis. There were some
main drawbacks of the CHC RNAi knockdown approach. For
example, clathrin plays critical roles in a lot of cellular processes
other than synaptic vesicle recycling. A chronic reduction in cla-
thrin-mediated processes such as protein trafficking, sorting,
and transportation may also alter synaptic vesicle endocytosis
indirectly. For these reasons, cautionmust be exercisedwhen in-
terpreting the results of chronic CHC reduction. Improved meth-
odologies, such as acute clathrin inactivation, may be employed
in future experiments to further elucidate the roles of clathrin in
synaptic vesicle endocytosis at central synapses.
For neurons to maintain a high rate of action potential firing
(normally greater than 10 Hz), the recapture and reformation of
synaptic vesicles must be carried out in a highly efficient way.
Meanwhile, the precise control of the membrane composition
of presynaptic terminals is critical for the synaptic transmission,
morphology, growth, and other signaling events. The two path-
ways of endocytosis we observed may be dedicated to accom-
plish these tasks coordinately. The fast endocytosis serves to
transport the exocytosed vesicular proteins back to the vesicle
pool rapidly, whereas, the slow endocytosis is set to clean up
the residual left behind. As a result, the protein compositions
of the synaptic vesicle pool and plasma membrane pool are effi-
ciently reconstituted within a short time (30 s).
Our interpretation has been based on the assumption that
a presynaptic terminal releases only one synaptic vesicle per
action potential. However, we cannot fully exclude the possibility
that a single action potential consistently triggers fusion of two
vesicles at the same time. Such coordinated multivesicular
fusion has been recently demonstrated at ribbon synapses
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cence response estimated in our study (Figure 1F) indeed
represents two vesicle-fusion events instead of one, the exocy-
tosis-endocytosis coupling presented in Figure 4E will be con-
verted to a new form of relationship plotted in Figure S6. By
this scenario, the new exocytosis-endocytosis relationship
would suggest that the tight coupling holds at the single action
potential level, but will be disrupted when more vesicles are
released by high-frequency stimulation. In the end, the exocy-
tosed vesicles may outnumber the endocytosed vesicles by
nearly 2-fold. Such an outcome will make it very difficult for
a synapse to maintain the membrane compositions of the
synaptic vesicle pool and plasmamembrane pool during the nor-
mally high frequency of firing. Thus, we favor the assumption that
a single action potential triggers one vesicle fusion in this study. If
later work reveals that a single action potential consistently trig-
gers fusion of two vesicles at hippocampal synapses and other
mechanisms compensate for the exocytosis-endocytosis un-
coupling at high frequency of stimulation, our observations
should be reinterpreted accordingly.
It has been demonstrated that elevation of intracellular Ca2+
concentration accelerates the endocytosis rate in several
synapses (Neves et al., 2001; Sankaranarayanan and Ryan,
2001;Wu et al., 2005). Here, we found that increasing stimulation
frequency or elevating presynaptic Ca2+ concentration specifi-
cally accelerated the slow endocytosis without affecting the
fast endocytosis. Therefore, Ca2+ might serve as the initiator
for an activity-dependent switch between different mechanisms
of synaptic vesicle recycling. Although detailed molecular mech-
anisms are not yet understood, it is likely that Ca2+ influx can
trigger a cascade of molecular events that ultimately affect the
slow endocytic pathway. Dephosphins are a group of endocytic
proteins that can be dephosphorylated by Ca2+-dependent
phosphatase calcineurin during depolarization (Cousin and Rob-
inson, 2001). After the termination of action potentials, the de-
phosphins can be rephosphorylated by protein kinases such
as cyclin-dependent kinase 5 (Cdk5), which rephosphorylates
at least three dephosphins: dynamin 1, PIPKIg, and synaptoja-
nin. It has been reported that the calcineurin/cdk5-dependent
phosphorylation cycle of the dephosphins is essential for
synaptic vesicle endocytosis (Tan et al., 2003). Interestingly,
a recent study revealed that this phosphorylation cycle specifi-
cally regulates a slow form of endocytosis without affecting the
fast form of endocytosis (Evans and Cousin, 2007). Although
the definitions for the fast and slow endocytosis in Evans and
Cousin (2007) might not be exactly the same as those presented
in our study, the role of Ca2+ in selective regulation of the endo-
cytic pathways is very similar to our observation. Therefore,
future studies directed toward the calcineurin/cdk5-dependent
phosphorylation cycle of the dephosphins may provide impor-
tant insight into how the fast and slow endocytosis is controlled.
In addition to the dephosphins, other endocytic proteins have
also been reported to mediate different pathways, such as cla-
thrin adaptors AP2 and AP3 (Voglmaier et al., 2006) and different
familymembers of dynamin (Ferguson et al., 2007). It would be of
great interest to examine the involvement of these key mediators
in the fast and slow endocytosis reported here. Resolving the
divergent mechanisms underlying different endocytosis path-ways is not only essential for understanding the architecture
and function of the highly efficient endocytosis machinery but
also crucial for uncovering the regulatory mechanisms under-
lying the coordinated contributions of different endocytic path-
ways in response to the constantly changing network.
EXPERIMENTAL PROCEDURES
DNA Constructions
To permit insertion of pHluorin into the luminal domain between transmem-
brane domain 3 and 4 of synaptophysin, we first created a unique EcoRV
site at position 184–185 of rat synaptophysin sequence (NP_036796). The re-
sulting plasmid was digested by EcoRV to generate a vector backbone for
blunt end ligation. To facilitate cloning, DNA sequence coding for ‘‘super-
ecliptic pHluorin’’ was first cloned into the TOPO cloning vector (Invitrogen,
Carlsbad, CA). Up to four pHluorin units with the same reading frame were
eventually inserted into TOPO vector in a step-by-step manner. Ligation
inserts were further generated by releasing one or more pHluorin units from
the TOPO vectors and were subsequently inserted into the ligation backbone
described before. Detailed sequence information can be obtained by contact-
ing the authors.
Cell Culture and Transfection
Hippocampal CA1-CA3 neurons from postnatal day 0 (P0) rats were cultured
as previously described (Murthy et al., 1997). After 6–7 days in culture, cells
were transfected by using the calcium phosphate gene transfer method (Xia
et al., 1996). Transfected cultures were allowed to grow for at least another
week. For clathrin RNAi or clathrin-AP180 expression experiments, neurons
were transfected 3 days before recording, as described previously (Granseth
et al., 2006). Imaging was performed at room temperature when cells were
14–19 days in vitro.
Stimulation and Imaging
For imaging experiments, coverslips were mounted in a stimulation chamber
on a movable stage. Field stimulation used a pair of platinum bath electrodes
that delivered pulses producing a 10 V/cm gradient across the chamber. All
experiments, except as otherwise noted, were done in the extracellular media
containing (in mM) 136 NaCl, 2.5 KCl, 10 glucose, 10 HEPES, 2 CaCl2, and
1.3 MgCl2 at room temperature, with final pH of 7.3. 10 mM NBQX, and
50 mM DL-APV were added to block recurrent activity. Acidic extracellular
solution with final pH of 5.6 was prepared by replacing HEPES in the standard
media with MES (pKa = 6.1). Bafilomycin A1 (Calbiochem) was used at 1 mM
(0.2% DMSO) and applied for 60 s before stimulation. All chemicals were ob-
tained from Sigma, unless otherwise noted.
To label synaptic vesicles with FM1-43, the cells were perfused with extra-
cellular media containing 10 mM FM1-43 (Molecular Probes, Eugene, OR) by
using a bulk perfusion system (VC-6 Perfusion Valve Control System, Warner
Instruments, Hamden, CT). Following a 7 s delay (to allow for dye equilibration
with membranes, Figure S5A), variable numbers of action potentials was
applied. After designated dye exposure time, dye-free washing solution (with
0.5 mM Ca2+, 10 mM Mg2+) containing 1 mM ADVASEP 7 (CyDex, Inc) was
perfused for 1 min by using a fast local perfusion system (VC-6M Mini-Valve
System combined with SF-77B perfusion stepper system, Warner Instru-
ments, Hamden, CT). This was followed by another 7 min of washing with
dye-free solution without ADVASEP 7 through bulk bath perfusion. After the
wash, we acquired an image of the stained synapses and then took another
image after destaining (1200 APs at 10 Hz). The rapid local control of FM1-
43 perfusion and ADVASEP 7washing allowed90%of FM1-43 to be washed
out within 0.7 s after designated dye exposure time (Figure S5B). 1 mMTTXwas
added to dye-containing medium during FM1-43 labeling of spontaneous
endocytosis. The extracellular acidification experiment was also carried out
by using the local rapid perfusion system.
Imaging and Quantification
Images were acquired at 30 Hz with a Hamamatsu EB CCD C7190 intensified
camera (Hamamatsu Corporation, Japan) connected to an Olympus invertedNeuron 61, 397–411, February 12, 2009 ª2009 Elsevier Inc. 409
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Dissecting Single-Vesicle Trafficking at Synapsesmicroscope (IX70) through a 403, 1.30 NA oil objective. Both SypHluorins and
FM1-43 fluorescence were excited by 460–500 nm light from a mercury lamp,
and collected through a 510 nm long-pass filter.
Images were analyzed with SimplePCI (Compix Inc., Cranberry Township,
PA). The active boutons were identified by subtracting the 60 frame average
before the stimulation from the 60 frame average right after the 20 AP stimula-
tion at 20 Hz. The total fluorescence intensity was obtained from circular
regions of interest (ROI) of 1.6 mm diameter around isolated bright spots.
The baseline fluorescence was obtained by averaging 150 images (5 s) at
rest previous to the stimulus. Before most of the analysis, SypHluorin fluores-
cence responses were corrected for their baseline fluorescence and photo-
bleaching.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and
nine figures and can be found with this article online at http://www.neuron.
org/supplemental/S0896-6273(09)00002-6.
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